• Compare epidermal nerve density (END), estimated by immunohistochemical staining of skin biopsies from the distal forearm, in ten men exposed occupationally to hand-transmitted vibrations and in age-and gendermatched control subjects.
P
eripheral neuropathy has been reported in workers exposed to handtransmitted vibration. [1] [2] [3] Numbness, tingling, pain, loss of sensation, reduction of dexterity, and muscular weakness of the hands are common complaints. However, the pathophysiology of vibration-related neuropathy is not well understood. It is suggested to be characterized by a peripheral, diffusely distributed neuropathy with a predominantly sensory impairment. 1 A higher prevalence of entrapment neuropathy (ie, carpal tunnel syndrome) or distal neuropathy was reported among workers using chainsaws, pneumatic hammers, and other vibration-transmitting tools. 1, 4 Studies on patients with vibration-induced white fingers showed evident changes, including a decrease in the number of myelinated nerve fibers and thick lamellar fibrosis of the perineurium. 4, 5 The correlation between the reduction in motor conduction velocity and ultrastructural changes in the paranodal regions and myelin sheaths have been documented by animal studies. 6 All of the aforementioned findings are supportive of large myelinated nerve fiber involvement among the vibration-exposed population. Meanwhile, rare studies explored the influence of vibration on small unmyelinated nerve fibers. The function of somatic small fibers could be evaluated by quantitative sensory testing (QST), 7 and a few studies found impaired neurophysiological function in vibration-exposed workers. 8 -10 Nevertheless, histologic changes of small-diameter nerve fibers have yet not been studied. Epidermal nerve densities (END) are reduced in various types of small-fiber neuropathies, including diabetes mellitus, amyloidosis, toxins, and inherited sensory and autonomic neuropathies. 11, 12 In patients with peripheral neuropathies, epidermal innervation is correlated with the elevation of thermal thresholds for warm sensation. 13 No previous research has been performed to evaluate the changes of END among vibration-exposed workers.
We performed skin biopsy over the forearms of a group of vibrationexposed subjects and compared their END with those of age-and gendermatched healthy control subjects. The study aimed to provide more pathoanatomic evidence of vibration-related neuropathy.
Materials and Methods

Subjects
The patients were recruited from the clinic of occupational medicine at the National Taiwan University in Taipei, Taiwan. They came for the determination of occupation-related hand-arm vibration syndrome (HAVS) for workers' compensation. All of the participants were males with an average age of 42.3 years. Demographic data and occupational history was obtained from all subjects on their initial visit ( Table 1) .
All of the subjects reported bilateral hand numbness, tingling, and paresthesia of approximately 2 years' duration after the initiation of construction work. The symptoms were described as occasional initially, which then progressed and were aggravated after working with vibration-exposing tasks. All of their symptoms were classified as either 2 SN or 3 SN based on the Stockholm revised vibration syndrome classification system. Age-and gender-matched control subjects were randomly selected from the database of the Department of Neurology. 13 The normal control subjects were recruited from a previously described cohort, including those visiting the National Taiwan University Hospital, Taipei, Taiwan for a physical checkup. The evaluation included detailed questionnaires and neurologic examinations to identify any neurologic disorder or clinical neuropathy. Examinations consisted of laboratory tests (complete blood count, fasting plasma glucose, hemoglobin A1C, liver and renal functions, serum protein electrophoresis, antinuclear antibody, and vitamin B12 level), nerve conduction studies, and quantitative sensory testing.
Ten controls with an average age of 43.1 years were selected. There was no habitual alcohol drinking or smoking in the control group. All of them had normal nerve conduction studies (NCS) and quantitative sensory tests and no occupational exposure to handtransmitted vibration. All of the patients signed informed consent to undergo skin biopsy for the quantification of epidermal innervation.
Work History
A detailed work history regarding occupational exposure to vibratory tools was obtained from a questionnaire. A picture album of vibration tools was assembled to assist tool recognition while taking work exposure history. The patients were former construction workers of the underground railway system and were all responsible for the operation of rock-cracking and drilling machines. We also consulted the Institute of Occupational Safety and Health, Council of Labor Affairs, Executive Yuan, Taiwan to confirm the models of the vibration tools (Hitachi, Mammer Martillo, PH-65A and H 41SC).
We determined the extent of vibration exposure as much as possible, even after the subjects had left their jobs for a period of time. With the pictures of the vibration tools and the packing inserts of these machines, as well as the detailed questionnaire of working time and duration, we confirmed the vibration-related work exposure time and duration for each worker. The records of their working history were confirmed by the construction company to ensure their respective job content and duration.
Nerve Conduction Studies and Quantitative Sensory Testing
Nerve conduction studies were conducted with a Nicolet Viking IV Electromyographer (Madison, WI) following standardized methods. The nerves studied included the bilateral median, ulnar, tibial peroneal, and sural nerves.
Quantitative sensory testing was performed with a Thermal Sensory Analyzer and Vibratory Sensory Analyzer (Medoc Advanced Medical System, Minneapolis, MN) to measure sensory thresholds of warm, cold, and vibratory sensations by the procedures described in prior reports. 15, 16 The stimulator was applied to the skin of the thumb and index finger for thermal stimuli and to the index knuckle for vibratory stimuli. The examiner explained these procedures to the subjects, and the subjects underwent several trials to become familiar with the test. The examination was in a quiet room at a room temperature of 21°to 24°C with skin temperatures between 31°and 34°C. The reference temperature of the examination was set at 32°C, and the temperature went up (warm stimuli) or went down (cold stimuli) according to the default algorithms.
Skin Biopsy and Immunohistochemistry
Skin biopsy was performed by punches of 3 mm in diameter over the extensor side of the distal forearm 5 cm above the middle point of the line connecting the radial styloid process and the ulnar styloid process, after local anesthesia with 2% lidocaine. 13 The wounds were covered with sterile gauze and healed well after 7 to 10 days.
Skin tissues were fixed with 4% paraformaldehyde in 0.1 M phosphatebuffered saline (PB), pH 7.4, for 48 hours. After thorough rinsing in PB, the samples were cryoprotected with 30% sucrose in PB overnight. Sections at 50 m perpendicular to the dermis were cut on a sliding microtome (Microm 440E; Microm, Germany) and sections from each tissue were labeled sequentially and stored with antifreeze (30% ethylene glycol in PB) at Ϫ20°C and then treated with 0.5% Triton X-100 in 0.5 M Tris buffer, pH 7.6 (Tris) for 30 minutes and processed for immunostaining. These were quenched with 1% H 2 O 2 , blocked with 5% normal goat serum in 0.5% nonfat dry milk/Tris, and incubated with rabbit antiserum to protein gene product (PGP) 9.5 (UltraClone, U.K.; diluted 1:1000 in 1% normal serum/Tris) at 4°C for 16 to 24 hours. After rinsing in Tris, sections were incubated with bio-tinylated goat antirabbit immunoglobulin G at room temperature for 1 hour followed by incubation with the avidin-biotin complex (Vector, Burlingame, CA) for another hour. The reaction product was demonstrated with chromogen SG (Vector) and counterstained with eosin (Sigma, St. Louis, MO).
Quantification of Epidermal Innervation
Epidermal innervation was quantified following established protocols with the slides all coded and the readers blinded.
17 PGP 9.5-immunoreactive nerve fibers in the epidermis of each section were counted at a magnification of 40ϫ with an Olympus B ϫ40 microscope (Tokyo, Japan) through the depth of the entire section. Each individual nerve fiber with branching points inside the epidermis was counted as one. For epidermal fibers with branching points in the dermis, each individual nerve fiber was counted separately. The length of the each section was measured using Image-Pro PLUS software (Media Cybernetics, Silver Spring, MD).
Each tissue was sectioned into 48 to 50 sections and labeled sequentially. The epidermal nerve fiber densities of the stained sections were defined as the IENF density of that tissue specimen and expressed as fibers/mm. The cutoff point of the END for subjects less than 60 years of age was 7.929 fibers/mm according to the normative values from our laboratory.
Statistical Analysis
Epidermal nerve densities were expressed as the mean Ϯ standard deviation for both the vibrationexposed and normal control groups. The results were compared using the Mann-Whitney test. The differences of the END between subjects with normal or abnormal QST and NCS were also compared with the MannWhitney test. SPSS for Windows (version 10.0; SPSS, Chicago, IL) was used for all of the statistical analysis. Any difference with a P value less than 0.05 was considered statistically significant.
Results
Their mean work hours were 46.9 hours per week, whereas the average exposure duration was 6.5 Ϯ 3.9 years (range, 3-15 years). They had been removed from their jobs for an average of 5.0 Ϯ 1.9 years (range, 2-8 years). None of these studies was positive for immunologic profile, HIV, or VDRL. One case had positive hepatitis C antibody, whereas another case had abnormally elevated hemoglobin A1C (6.5% in case no. 1). None were taking hypoglycemic agents or diagnosed with diabetes mellitus. Their vitamin B12 and folic acid levels are all within normal limits. Table 1 showed the results of the sensory threshold testing of nine subjects. All but one (88.9%) of the subjects had abnormally elevated thermal threshold to warm sensation. The proportion of abnormal sensory threshold testing for cold and vibratory sensation was 55.6% and 77.8%, respectively.
Sensory Threshold and Nerve Conduction Studies
Three subjects had abnormal nerve conduction results. Two fulfilled the criteria of bilateral carpal tunnel syndrome, whereas another was compatible with polyneuropathy. Case no. 5 had a moderately severe degree of carpal tunnel syndrome over the right side and a mild degree over the left side. 18 Case no. 9 had a moderately severe degree of bilateral carpal tunnel syndrome. Table 2 showed no correlation among abnormal END, NCS, and sensory threshold tests by Spearman correlation analysis. There was no significant difference of END between subjects with normal and abnormal sensory threshold and nerve conduction studies by Mann-Whitney test, although the subjects with abnormal nerve conduction studies had a trend of lower mean END compared with those with normal results (1.9 Ϯ 2.3 vs 5.0 Ϯ 2.5 fiber/mm, P ϭ 0.138). Figure 1 shows the results of the skin biopsy of case no. 1. The skin was immunostained with an antiserum against protein gene product 9.5 (PGP 9.5) and then counterstained with eosin. As shown in the illustration, PGP 9.5 immunoreactivities are present in dermal nerve bundles. Single epidermal nerves that originate from the subepidermal nerve plexuses pass through keratinocytes of the epidermis.
Pathology of Cutaneous Innervation
The END values of vibrationexposed subjects were significantly lower than those of age-and gendermatched control subjects (4.1 Ϯ 2.8 vs 9.0 Ϯ 4.3 fibers/mm, P ϭ 0.005) (Fig. 2) . Nine of 10 workers had abnormally reduced END according to the normative data with a cutoff point of 7.929 fibers/mm for those aged less than 60 years (Table 1) .
To rule out the influence of potential diabetes, one case with abnormally elevated hemoglobulin A1C was excluded during a repeat analysis. The END of the vibration-exposed subjects was still significantly lower than that of controls (4.3 Ϯ 2.9 vs 9.6 Ϯ 4.2 fibers/mm, P ϭ 0.005). The daily alcohol consumption was not correlated with the END and the result was insignificant (Pearson's correlation coefficient was Ϫ0.26, P ϭ 0.47).
Discussion
The major finding in this study is the significant reduction of forearm END in 10 workers who had been exposed to hand-transmitted vibration as compared with those of ageand gender-matched normal control subjects. This study is also the first to document the use of END in the diagnosis of sensory neuropathy in suspected HAVS.
Exposure to hand-transmitted vibration has been reported to induce peripheral neuropathy. [1] [2] [3] The sites of nerve impairment may be located in the receptor organs of the skin, in the nerve fibers at a distant or proximal level, or in the nerve cell bodies. 19 Some studies have documented the higher risk of entrapment neuropathies (ie, carpal tunnel syndrome) among workers using chainsaws, pneumatic hammers, and other vibration-transmitting tools. 1, 2, 4 Furthermore, nerve impairments of the other segments of the upper extremities and lower extremities have been found by other studies. 1, 3, 20, 21 It has, therefore, been suggested that vibration-exposed neuropathy is characterized by diffuse and multifocal impairment. 1 The involvement of large myelinated nerve fibers has likewise been revealed by both neurophysiological function testing (ie, nerve conduction study) and histologic studies. 1, 3, 6, 21 Studies on patients with vibrationinduced white fingers revealed evident changes, including a decrease in the number of myelinated nerve fibers and thick lamellar fibrosis of the perineurium. 4, 5 Moreover, the studies by Ho and Chang showed histologic changes of the paranodal regions, myelin sheath, and SchmidtLanterman incisures in animal studies. 6, 22 Meanwhile, the influence of vibration on small unmyelinated nerve fibers has not been adequately studied yet.
Previous studies noted that patients of vibration-induced white fingers had a higher proportion of impaired QST, which evaluate the neurophysiological function of somatic small fibers. [7] [8] [9] [10] QST is suitable for screening in the field because it is generally easy to perform and is usually not associated with significant pain. 8 It is also effective in documenting dysfunction in patients with small-fiber neuropathy but with normal NCS. 23 However, it is criticized for the inherent shortage of multiple covariates and test methodologies. Lack of normative values, standardized methods, or a "gold standard" for the presence of sensory neuropathy may obscure the clinical application. 8 Unlike those of large myelinated nerve fibers, histologic changes related to small fibers are rarely studied among vibration-exposed workers. Epidermal nerve densities had been used to evaluate various types of small-fiber neuropathies. 12, 13, 15 Previous studies had found a more global involvement among various kinds of neuropathies since the improvement of investigation tools on small-diameter nerve fibers. 12, 15, 24 By using different neural markers, including PGP 9.5, which is particularly abundant in small-diameter nerves, skin innervation could be quantified by immunocytochemistry. Our results showed a significant reduction of END over the forearms among vibration-exposed subjects and confirm a wider involvement of vibration-induced neuropathy.
It is not surprising to find a poor correlation between NCS and END because of the different sizes of nerves evaluated. A much higher proportion of abnormal END than NCS also imply that the involvement of small fibers might be independent or precede changes of the large myelinated nerve fiber in vibration-induced neuropathies. However, further studies are warranted to prove this hypothesis. Moreover, we could not find a correlation between END and QST. It is not consistent with previous studies that showed a correlation between END and the elevation of thermal thresholds for warm sensation in patients with peripheral neuropathies. 13 Although the subjects had been removed from their vibration-exposed jobs for an average of 5 years, the reduction of END remained significant. A previous report suggested that the symptoms of HAVS might persist for a few years and that the sensorineural abnormalities seem to be more resistant than vascular disorders to improvement or recovery after stoppage of the use of vibrating tools. [25] [26] [27] Kurozawa et al followed up 99 male workers and found that the blanching of fingers persisted even after many years of vibration exposure in workers with initially advanced stages. 26 Our study implied that the loss and decrease in number of epidermal small fibers also remained after cessation of vibration exposure.
Some medical conditions are associated with a reduction of ENDs, including diabetes mellitus, amyloidosis, toxins, HIV infection, and alcoholism. 11, 12 We collected medical history and symptoms to determine possible coexisting causes of small-fiber neuropathy. The first confounding factor is abnormal plasma glucose level, which was found in one of our subjects (hemoglobulin A1C: 6.5%). He denied any history or medication for hyperglycemia. The reduction of END remained after we removed this subject from analysis and the influence of diabetics was not likely.
The other confounding factor is a high percentage of alcohol consumption. Small-fiber loss was found among subjects with painful alcoholic polyneuropathy with normal thiamine status. 12 The clinical symptoms included painful sensation and some degree of muscular atrophy and weakness, which was not found in our subjects. No other report could clarify the influence of alcohol consumption on the END. We correlated daily alcohol consumption with the END and found no significant correlation. Therefore, alcohol consumption could not explain the decreased END in our cases, although some potential effect could still not be totally ruled out.
In a cohort study in the United Kingdom, disability in HAVS was largely related to a sensorineural component of the Stockholm workshop scale rather than the vascular scale, and early identification of the impaired sensorineural component was also suggested for the prevention of further disability. 28 Sensorineural tests have been valuable in assessing subjects with medicolegal compensation claims for HAVS in the United Kingdom. 29 However, the consensus report in the American Academy of Neurology indicates that QST should not be the sole criteria used in diagnosing the structural pathology of either a peripheral or central nervous system origin. 7 Thus, a diagnostic dilemma in HAVS is still debatable before a truly objective test can be developed. 29 It seems that measurement of END can provide more information, but the problems of a relatively wide range of normative value and the influence of other confounding factors should be studied before clinical application is feasible.
There are some limitations in this study. The exposure dosage of handtransmitted vibrations in our cases could not be quantified and a doseresponse relationship could not be explored. However, the information related to the vibration exposure from both the workers and their company could be confirmed. The consistent findings in impaired QST and decreased END also support the sensory neuropathy of HAVS in our cases.
In conclusion, we applied skin biopsy with PGP 9.5 immunohistochemistry as an investigation tool to evaluate the END for hand-transmitted vibration-exposed subjects and found a significant reduction as compared with healthy control groups. We suggest the involvement of smalldiameter nerve fibers among this population and such a histologic change might be independent or precede changes of large myelinated nerve fibers. This study also indicates the possible use of END in the diagnosis of sensory neuropathies in patients with suspected HAVS.
